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F I L M  C O O L I N G  D U R I N G  INJECTION OF H E T E R O G E N E O U S  SUBSTANCE 
I N  A T U R B U L E N T  B O U N D A R Y  LAYER 

E.  P .  Volchkov, Ye. G .  Zaulichnyy, 
S .  S .  Kutateladze and A .  I .  Leont'yev 

ABSTRACT. T h i s  paper deals with t h e  e f f ec t iveness  of f i lm 
cooling of a heat insu la t ing  p l a n e  wall duriq1-i i n j t c -  
t i on  of a h@tero_geneous substance i n t o  t h e  bo- l ayer .  

T h e  tu rbulen t  boundary layer is  formed on a s o l i d  wall 
behind t h e  zone o f  in jec t ion .  It is assumed t h a t  heat  flow 
through t h e  wall is zero.  T h e  cool ing  gas i s  injected 
through a tangent ia l  s l i t  or  through a porous sec t ion .  I f  a 
l i q u i d  substance is used o r  i f  chemical reac t ions  occur i n  
t h e  i n i t i a l  p l a t e  s ec t ion ,  the  e f f e c t  of t h e  products formed 
is considered to  b e  the same as o f  a heterogeneous substance.  
The r e s u l t s  a r e  compared w i t h  those obtained by o the r  
authors .  

I 

Most works on f i l m  cool ing are dedicated t o  i n v e s t i g a t i o n  of t h e  inf luence  
of i n j e c t i o n  of a homogeneous gas. In  [ l ] ,  t h e  case of t angen t i a l  i n j e c t i o n  of  
gas i n t o  the  boundary l aye r  i s  invest igated when i t s  hea t  capac i ty  c d i f f e r s  

l i t t l e  from t h e  hea t  capaci ty  of t h e  main stream c 

/103' - 
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The purpose of t h e  present  work i s  an inves t iga t ion  of t h e  e f f ec t iveness  of 
f i l m  cool ing of a hea t  i n su la t ed  f l a t  wall by l o c a l  supply of a fore ign  mater ia l  
a t  t h e  tu rbu len t  boundary layer .  

1. 
conduct iv i ty ,  the  equation f o r  t h e  energy i n  t h e  boundary l aye r  over a f l a t  wall 
can be w r i t t e n  i n  general  form as follows [ 2 ] :  

If we ignore thermodiffusion and barodi f fus ion  and d i f fus ion  hea t  

Under the  condi t ion t h a t  t h e  Prandtl  number P = 1 and t h e  Lewis number 
L = 1, we have the  following f o r  t h e  densi ty  of  t he  hea t  f l u x  

Numbers i n  t h e  margin ind ica t e  pagination i n  t h e  foreign t e x t .  
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Here io is  the  hea t  of formation of a given component, C i s  the  heat  
P 

conduct ivi ty  of  t h e  gas mixture. 

In t eg ra t ing  equation (1.1) through the thickness  of t h e  enthalpy boundary 
l a y e r  and introducing the  concept of t h e  thickness  of t h e  t o t a l  energy lo s s  

we produce an i n t e g r a l  r e l a t ionsh ip  f o r  the energy of t he  boundary l aye r  

2 

(1.4) 

Here jw is  the  t ransverse  flow 

of  ma te r i a l  a t  t he  wall. 

Figure 1 

/ l o 4  - Let us  analyze the  turbulen t  
boundary l aye r  on an impermeable 
wall beyond the  a rea  where the  
fore ign  ma te r i a l  is  in j ec t ed  
(Figure l ) ,  when t h e  heat  f l u x  
through t h e  wall  qw = 0. 

gas i s  fed i n  through a t angen t i a l  
s l i t  (Figure l a )  o r  an i n i t i a l  
porous sec to r  (Figure l b ) .  If  t he  
cool ing agent used i s  a l i qu id  and 
it evaporates o r  chemical r eac t ions  
occur i n  t h e  i n i t i a l  s e c t o r  of t he  
p l a t e ,  the  e f f e c t  of t h e  gaseous 
products thus formed is equivalent  
t o  t h e  i n j e c t i o n  of  a fore ign  gas .  

The cooled 



I n  o rde r  t o  determine t h e  temperature of a hea t  i n su la t ed  wal l  (thermal 
e f f ec t iveness ) ,  l e t  us use a method presented i n  [ 2 ,  31. 

In t eg ra t ing  equat ion (1.4) by length from x t o  x where j = 0 and qw = 0, 
0 w e  produce 

Here i*w is  t h e  t o t a l  enthalpy of the mixture of gases on t h e  hea t  i n su la -  

t e d  wall; iw and & * *  

on t h e  wal l  and the  th ickness  of t o t a l  energy l o s s  i n  t h e  c ros s  s e c t i o n  x = x 

The maximum i n t e n s i t y  of t u rbu len t  mixing occurs i n  the  a rea  of t h e  wal l  

are t h e  values o f  t o t a l  enthalpy of  t h e  mixture of  gases 
0 i 0 '  

0' 

(but o u t s i d e  t h e  viscous sublayer)  where a w  /ay -f max. Therefore,  i n  t h e  

boundary l a y e r  area nea r  t h e  wall, equ i l ib ra t ion  o f  t h e  flow parameters w i l l  
occur more r ap id ly  and, as i n  works [ 2 ,  31 ,  where x -f oo we can write the  
fol lowing f o r  t he  quasi-isothermal flow with exponent ia l  approximation o f  t h e  
v e l o c i t y  p r o f i l e  (n = 1/7) 

X 

here  P + p w  + p o ,  a * *  i s  the  thickness  of l o s s  of momentum i n  t h e  boundary 

1 ayer . 
The th ickness  of  l o s s  of  momentum can be found by so lv ing  t h e  equation f o r  

momentum f o r  a f l a t  p l a t e  [3] ,  and where x + o' f o r  quasi- isothermal  flow of an 
incompressible f l u i d  

Here A and m a r e  t h e  c o e f f i c i e n t  and exponent i n  t h e  exponent ia l  approx- 
imation of t he  f r i c t i o n  r u l e  (A = 0.0128, m = 0.25 f o r  a stepped p r o f i l e  with 
n = 1/7) .  

Using equations (1.5)-(1.7) ,  we can cons t ruc t  an i n t e r p o l a t i o n  formula 
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For t h e  case of supply of coolant  through an i n i t i a l  porous s e c t o r  i n  t h e  
presence of chemical r eac t ions  o r  phase transformations i n  the  i n i t i a l  s e c t o r  of 
t h e  wall, t he  value of t he  Reynolds number R** , constructed through the  th ick-  

ness  of  t o t a l  energy l o s s ,  can be found from t h e  so lu t ion  of  t h e  energy equation 
i n  t h e  i n i t i a l  s e c t o r .  

Figure 2 

i n  work [4] : 

When the  gas i s  blown i n  
through a t angen t i a l  s l i t  [4 ] :  

We can see  from expression 
(1.8) t h a t  t h e  thermal e f f e c t i v e -  
ness ,  w r i t t e n  through the  t o t a l  
enthalpy during i n j e c t i o n  of a 
fore ign  gas,  i s  described by t h e  
same formula as when t h e  homo- 
geneous gas i s  in j ec t ed .  If t h e  
p r i n c i p l e  of superposi t ion of  

so lu t ion ,  we can produce formulas 
s i m i l a r  t o  those  produced e a r l i e r  

/ l o5  thermal f i e l d s  i s  used f o r  - 

(1.11) 

Curves 1, 2 and 3 on Figure 2 were produced by ca l cu la t ion  using formulas 
(1 .8) ,  (1.10) and (1.11) respec t ive ly  when helium was blown through a t angen t i a l  
s l i t  i n t o  t h e  a i r  stream; the  po in t s  a r e  t h e  r e s u l t s  of t h e  experiments of 
Papel l  and Hatch [l].  
experimental data .  
wall temperature,  f d r  which we must know t h e  hea t  capac i ty  o f  t h e  mixture of  
gases on the  wal l .  

The ca l cu la t ed  material  agrees s a t i s f a c t o r i l y  with t h e  
In  p r a c t i c a l  ca l cu la t ions ,  it is  necessary t o  determine the  

4 



The mass t r a n s f e r  equation, without considering thermo- and barodi f fus ion ,  
has  t h e  form 

(1.12) 

Here K i s  t h e  t o t a l  concentrat ion o f  t he  component i n j ec t ed .  I t  follows 
from equat ions (1.1) and (1.12) t h a t  t he re  i s  s i m i l a r i t y  between t h e  f i e l d s  o f  
t o t a l  en tha lp i e s  and weight concentrat ions with similar boundary condi t ions .  

In t h i s  case we have 

(1.13) 

Here K*w i s  t h e  concentrat ion of t h e  component i n j ec t ed  on t h e  wall i n  t h e  

c ross  s e c t i o n  i n  quest ion;  K 

t h e  wall i n  c ross  s e c t i o n  x = xo. 

t h e  wall is 

is  t h e  concentrat ion of t h e  component i n j ec t ed  on 
0 W 

The heat capac i ty  o f  t h e  mixture of  gases on 

From equat ion (1.14) and the  expression f o r  ei 

c *T,(: - cp0T, 
0.  -- -_.______ 

p w  
a- 

Cp,b7’ub - ‘pOTQ 

we produce t h e  r e l a t i o n s h i p  

(1.14) 

(1.15) 

(1.16) 

Here is found from (1.13).  In the  case of i n j e c t i o n  o f  a fore ign  gas 

through a t angen t i a l  s l i t  
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from equat ions (1.13) and (1.16) we produce the  dependence 

This formula corresponds with t h e  formula 
[I1 

I ( 1 . 1 7 )  

produced e a r l i e r  f o r  t h i s  case i n  

2 .  Suppose t h e  energy l o s s  thickness  is  represented,  as i n  [3], by t h e  
expression 

Then t h e  i n t e g r a l  r e l a t i o n s h i p  f o r  the energy i s  w r i t t e n  through the  
temperature [3] 

This equat ion i s  co r rec t  only i n  the  case when t h e  hea t  c a p a c i t i e s  of  t h e  / l o6  - 
m’ain gas and t h e  i n j e c t e d  gas do not  d i f f e r  s t rongly .  
opera t ions  with (2.2) t h a t  we perform with (1.4) ,  we can produce formulas f o r  8 

similar t o  (1 .8) ,  (1.10) and ( l . l l ) ,  with t h e  s o l e  d i f f e rence  t h a t  i n  p lace  o f  
R*ki we must s u b s t i t u t e  

Then, performing t h e  same 

t 

0 

and correspondingly 
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Figure 3 shows a comparison 
o f  ca l cu la t ions  performed 
through t h e  enthalpy according 
t o  formula (1.8) and formula 
(1.9) (curve l ) ,  as well as 
ca l cu la t ions  performed according 
t o  formula (1.8) consider ing 
( 2 . 3 )  (curve 2 ) ,  f o r  t h e  case of 
i n j e c t i o n  of helium i n t o  a i r .  
As we see, even f o r  t h e  case 
when c / c  = 5 . 2 ,  t h e  

ca l cu la t ions  d i f f e r  q u i t e  
l i t t l e .  

ps Po 

Figure 4 shows a comparison 
o f  ca l cu la t ion  f o r  6 (curves 1, t Figure 3 
2 and 3 respec t ive ly)  according 
t o  formulas ( l . lO) ,  (1.11) and 

(1.8) consider ing (2 .3)  and ( 2 . 4 )  with experiments on s l i t  cool ing by i n j e c t i o n  
a t  0 < ws/wo < 1 performed by var ious authors:  po in t s  4 (dark round po in t s )  

represent  helium in j ec t ed  i n t o  a i r  [ l ] ,  poin ts  5 represent  a i r  in j ec t ed  i n t o  a i r  
TS/To % 0.6  [ l ] ,  po in t s  6 represent  a i r  i n j ec t ed  i n t o  a i r  T /T % 0 . 3  [5],  and 

po in t s  7 r ep resen t  a i r  i n j e c t e d  i n t o  a i r  T /T % 1 [6] .  
s o  

s o  
7 

Figure 4 
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